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Abstract Although the suppression of sympathetic
activity is an essential mission for the current heart failure
treatment strategy, little is known about the relationship
between the rotation speed setting and autonomic nervous
activity during continuous-flow left ventricular assist
device (LVAD) treatment. We evaluated 23 adult patients
with sinus rhythm (36 & 13 years) who had received
continuous-flow LVAD and been followed at our institute
between March 2013 and August 2014. Heart rate vari-
ability measurement was executed along with hemody-
namic study at 3 rotation speeds (low, middle, and high) at
5 weeks after LVAD implantation. Lower rotation speed
was associated with higher ratio of low-frequency over
high-frequency spectral level (LF/HF), representing
enhanced sympathetic activation (p < 0.05 by repeated
analyses of variance). Among hemodynamic parameters,
cardiac index was exclusively associated with LFyy = LF/
(LF + HF), representing relative sympathetic activity over
parasympathetic one (p < 0.05). After 6 months LVAD
support at middle rotation speed, 19 patients with higher
LFyy eventually had higher plasma levels of B-type
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natriuretic peptide and achieved less LV reverse remodel-
ing. A logistic regression analysis demonstrated that lower
LFyy was significantly associated with improvement of LV
reverse remodeling (p = 0.021, odds ratio 0.903) with a
cut-off level of 55 % calculated by the ROC analysis (AUC
0.869). In conclusion, autonomic activity can vary in var-
ious rotation speeds. Patients with higher LFyy may better
be controlled at higher rotation speed with the view point to
suppress sympathetic activity and achieve LV reverse
remodeling.

Keywords Heart failure - Autonomic nerve - Heart rate
variability - Reverse remodeling

Introduction

Sympathetic activation is one of the major neurohormonal
changes seen in patients with heart failure (HF), and
inappropriately elevated sympathetic stimulation has a
primary role in the deterioration of failing heart through
multiple mechanisms: transduction abnormalities of the
B-adrenergic signal, induction of tachyarrhythmias, acti-
vation of renin—angiotensin—aldosterone system, facilita-
tion of myocardial remodeling, and acceleration of
myocardial cell death [1, 2]. Considering the above
mechanisms, B-blockers have been established as an
essential tool for the standard regimen for the treatment of
HF or even the prevention of HF development owing to its
sympatholytic effect [3, 4].

Ventricular assist device (VAD) is a powerful thera-
peutic tool in patients with stage D HF by unloading left
ventricle and ameliorating end-organ hypoperfusion, and
has also been demonstrated to improve cardiac autonomic
innervation [5]. Although adjustment of rotation speed in
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consideration of various clinical aspects is essential for
patients’ management during VAD support [6], the rela-
tionship between rotation speed and sympathetic nerve
activity remains unknown. Therefore, we here tried to
clarify the effect of rotation speed for sympathetic nerve
system and discussed how to find the optimal rotation
speed especially on the view point of autonomic nerve
activity.

Methods
Patients selection

We retrospectively enrolled 23 adult patients with stage D
HF who had received continuous-flow LVADs (EVA-
HEART, 5; DuraHeart, 5; Jarvik 2000, 2; HeartMate II, 10;
HeartWare, 1) and been followed at the University of
Tokyo Hospital between Mar 2013 and Aug 2014. All
patients gave written informed consent and were listed for
heart transplantation before LVAD implantation. All
patients had sinus rhythm. No patient received concomitant
right VAD implantation. No complications such as sys-
temic/device infection, retention of pleural effusion, stroke,
or significant electrolyte imbalance occurred. Rotation
speed was adjusted considering patients’ hemodynamics
and transthoracic echocardiographic information such as
interventricular shift and opening of aortic valve. Doses of
B-blocker, angiotensin converting enzyme inhibitor
(ACEI), and aldosterone antagonist were titrated consid-
ering patients’ hemodynamics before and after the opera-
tion. The study protocol was approved by the Ethics
Committee of Graduate School of Medicine, the University
of Tokyo [application number 779 (1)].

Evaluated baseline characteristics

Patients’ demographic, laboratory, and echocardiographic
data were obtained at 5 weeks after LVAD implantation as
baseline characteristics. LV ejection fraction (LVEF) was
calculated by the biplane Simpson methods on transtho-
racic echocardiography. The doses of anti-HF medications
were evaluated as following: to compare different types of
B-blocker, the dose of bisoprolol was normalized to
approximately equivalent dose of carvedilol [7]. In the
same manner, the doses of ACEI were normalized to
approximately equivalent dose of enalapril [8].

Hemodynamic study at 5 weeks after LVAD
implantation

All patients underwent hemodynamic study along with
transthoracic echocardiography at 5 weeks after LVAD

implantation, and 3 rotation speeds (low, middle, and high
rotation speeds) were tested. Considering patients’ hemo-
dynamics and echocardiographic parameters, “low rotation
speed” was defined by decreasing rotation speed as low as
possible. “High rotation speed” was defined by increasing
rotation speed as high as possible in the same manner.
“Middle rotation speed” was defined as median value
between low and high rotation speed. Of them, plasma
catecholamine levels were measured at each rotation speed
after 5-min rest without any stimulation in 11 patients.

Heart rate variability (HRV) spectral analysis
at 5 weeks after LVAD implantation

HRYV parameters were measured at each rotation speed just
before the above-described hemodynamic study. All HRV
parameters were measured for 2 min at 9:00-12:00 am
after 15-min rest at the supine position under fixed 0.25 Hz
of respiratory rate along with fasting condition [9]. All
patients had sinus rthythm without any mechanical pacing
support. Electrocardiographic signals from bipolar leads
attached at patients’ precordium were transformed to dig-
ital ones to calculate the R-R intervals at a sampling rate of
512 Hz. Power spectral analysis of HRV was performed by
the MemCalc power spectral density method (MemCalc/
Win, Suwa Trust) that used the maximum entropy method
for spectral analysis and the nonlinear least-squares method
for fitting analysis [10]. The low-frequency (LF) compo-
nent was defined as 0.04-0.15 Hz, and the high-frequency
(HF) component was defined as 0.15-0.40 Hz. The HF
power denotes the parasympathetic activity, whereas the
ratio of LF over HF component (LF/HF) represents sym-
pathetic activity [9]. To evaluate proportional sympathetic
activity over parasympathetic one, normalized unit (NU)
was calculated by the following formula: LFyy = LF/
(LF + HF) [11].

Variables evaluated at 6 months after LVAD
implantation as midterm outcome

Of all, 19 patients were followed >6 months after LVAD
implantation. Echocardiography was executed along with
measurement of plasma B-type natriuretic peptide (P-
BNP) concentration at 6 months after the operation, and
the midterm endpoint was defined as meeting all 3 fol-
lowing variables: (1) any decreases in P-BNP; (2) any
decreases in LV diastolic diameter (LVDd); and (3) any
increases in LV ejection fraction (LVEF) compared with
those of baseline. The equivalent doses of anti-HF medi-
cations were also evaluated as described above. Rotation
speed was maintained at the middle rotation speed during
the study period considering hemodynamic and echocar-
diographic results.
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Table 1 Baseline characteristics at 5 weeks after LVAD
implantation

N=23
Demographic parameters
Age, years 36 £ 13
Male, n (%) 19 (83)
Body height, cm 167 £ 10
BMI 20.7 £ 34
Heart rate, bpm 75 £ 15
sBP, mmHg 94 £ 8
Medications
B-blocker, mg 16 £7
ACEIL mg 1.0 £ 1.6
Aldosterone antagonist, mg 33 + 18
Laboratory parameters
Hemoglobin, g/dL. 106 £ 1.5
Platelets, x 10%/uL 279 £ 85
Serum albumin, mg/dL 35£05
Serum sodium, mEq/L 141 £ 2
Serum potassium, mEq/L 42 £ 0.6
Serum BUN, mg/dL 12+ 4
Serum creatinine, mg/dL 0.8 +03
Serum total bilirubin, mg/dL 0.8 £04
Plasma BNP, pg/mL 268 + 202
Echocardiographic parameters
LVDd, mm 61 £ 10
LVEF, % 16 +£9

BMI body mass index, sBP systolic blood pressure, ACEI angiotensin
converting enzyme inhibitor, BUN blood urea nitrogen, BNP B-type
natriuretic peptide, LVDd left ventricular diastolic diameter, LVEF
left ventricular ejection fraction

Statistical analysis

All statistical analyses were performed by using PASW
Statistics 18 (SPSS Inc, Chicago, IL, USA). We showed
categorical variables as frequencies and percentages, and
compared using Chi-square test or Fisher’s exact test as
appropriate. We also represented continuous variables as
mean =+ standard deviation unless otherwise specified, and
compared using unpaired ¢ test or Mann—Whitney U test as
appropriate. Each HRV parameter was compared with that
of low rotation speed by ad hoc Dunnett’s test when
repeated analysis of variance was approved significance.
We adopted the Pearson’s product-moment correlation
coefficients to analyze the relationship between LFyy and
hemodynamic parameters or LFyy and midterm clinical
parameters. A logistic regression analysis and a receiver
operating curve analysis were performed to analyze the
relationship between LFyy and improvement of parameters
indicating LV reverse remodeling. Time courses of 3
parameters associated with LV reverse remodeling were
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stratified by LFyy and compared between 5 weeks and
6 months by paired ¢ test. All hypothesis tests reported
were two-tailed, and used a p value <0.05 as significant.

Results
Patients background (Table 1)

In the present study, 23 adult patients (36 + 13 years and
83 % male) were enrolled. There were no patients with
end-organ dysfunction or severe valve disease during the
study period.

Hemodynamic and HRV parameters at each rotation
speed (Fig. 1)

Systolic blood pressure and mean right atrial pressure
remained unchanged regardless of any rotation speeds.
Lower cardiac index (CI) and higher pulmonary capillary
wedge pressure were associated with lower rotation speed
(Fig. la—d). Lower HF levels were observed at lower
rotation speed. LF/HF ratio and LFyy, both representing
sympathetic nerve activity, were higher at lower rotation
speed (Fig. le-h).

Serum catecholamine levels at each rotation speed
(Fig. 2)

All 3 plasma catecholamine (noradrenaline, adrenaline, and
dopamine) levels were significantly increased at lower
rotation speed in 11 patients (p < 0.05) (Table 2).

HRYV and hemodynamic parameters (Table 3)

Among hemodynamic parameters at all 3 rotation speed
(N = 69), only CI was significantly associated with LFyy
(p = 0.001 and r = —0.381).

HRYV and midterm clinical parameters (6 months
observation)

Of all 23 patients, 19 were treated with LVAD at fixed
middle rotation speed adjusted considering hemodynamic
and echocardiographic results for >6 months. The midterm
endpoint, i.e., improvement of all 3 parameters associated
with LV reverse remodeling, were eventually achieved in 6
recipients during the study period. A logistic regression
analysis demonstrated that lower LFyy level was signifi-
cantly associated with achievement of improved LV
reverse remodeling (p = 0.021, odds ratio 0.903). A
receiver operating characteristic analysis showed the cut-
off point of LFyy was 55 % for achievement of the
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Fig. 1 Hemodynamic (a—d) and HRV parameters (e-h) at each
rotation speed. sBP systolic blood pressure, CI cardiac index, mRAP
mean right atrial pressure, PCWP pulmonary capillary wedge
pressure, HR heart rate, HF high frequency, LF/HF ratio of low-

Fig. 2 Plasma catecholamine
levels at each rotation speed.
*p < 0.05 by Dunnett’s test

A Noradrenaline

compared with that of low (pgg:l._)
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midterm endpoint (area under the curve, 0.869; sensitivity,
0.714; specificity, 0.917). The cut-off level significantly
stratified time course of 3 parameters indicating improve-
ment of LV reverse remodeling during the study period
(p < 0.05 for all) (Fig. 3). Patients’ background stratified

Low Middle High Low Middle High
frequency over high-frequency power, LFyy, normalized unit of LF
calculated by the formula: LF/(LF + HF). *p < 0.05 by Dunnett’s
test compared with that of low rotation speed when repeated analyses
of variance approved significance

B Adrenaline C Dopamine
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100 - 16 -
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60 N N N
i - *
* 8 -
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4 4
20 A
0 0

Low Middle High Low Middle High

by LFnu 55 % was shown in Table 4. Higher HR, P-BNP,
and lower LVEF were observed in patients with LFyy
>55 %, i.e., higher sympathetic activity group, although
not statistically significant. There were no differences
between doses of anti-HF agents regardless of LFyy levels.
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Table 2 Rotation speeds in each devices

Rotation speed (rpm)

Low Middle High
Devices
EVAHEART (N = 5) 1590 £+ 55 1830 £ 45 2040 £+ 55
DuraHeart (N = 5) 1410 £ 55 1750 + 50 1980 + 84
HeartMate II (N = 10) 8020 £ 92 8620 £ 92 9110 + 74
Jarvik 2000 (N = 2) 8000 9000 10000
HeartWare (N = 1) 1800 2000 2300

Table 3 Correlation between LFyy and hemodynamic parameters at
5 weeks after LVAD implantation

vs. LFnu N =69 p value R value
sBP, mmHg 94 £ 8 0.867 0.037
CI, L/min/m? 2.7+ 05 0.001%* —0.381
mRAP, mmHg 8+3 0.856 0.028
mPAP, mmHg 18+5 0.796 0.040
PCWP, mmHg 9+6 0.084 0.271

CI cardiac index, mRAP mean right atrial pressure, mPAP mean
pulmonary artery pressure, PCWP pulmonary capillary wedge
pressure

* p < 0.05 by the Pearson’s product-moment correlation coefficients

Discussion

By using HRV spectral analyses, we demonstrated here
that autonomic nerve activity was varied at each rotation
speed during LVAD support, and higher LF/HF and LFyy
levels, indicating sympathetic nerve activation were asso-
ciated with lower rotation speed accompanied by lower CI.
Sympathetic activation was also validated by elevated

catecholamine concentration at lower rotation speed.
Patients with LFyy >55 % had higher P-BNP level and
achieved less LV reverse remodeling during midterm
LVAD support.

Lower rotation speed and sympathetic activation

Although there have been no studies discussing the
relationship between rotation speed and autonomic
activity during LVAD support, we demonstrated for the
first time that lower rotation speed was significantly
associated with sympathetic nerve activation. Sympa-
thetic activation was defined as higher LF/HF level or
LFyy calculated by the HRV analyses [12]. We use the
power spectral analyses of HRV, which is an established
non-invasive method to assess autonomic cardiac modu-
lation and provides information on both sympathetic and
parasympathetic activity of the sinus node [9]. The
activated sympathetic tone was validated by the elevated
plasma catecholamine concentration at lower rotation
speed (Fig. 2) [13].

The lower rotation speed was associated with lower CI
due to decreased LVAD flow (Fig. 1b), and lower CI was
significantly associated with higher LFyy level among
hemodynamic parameters (Table 3). Neither congestion
nor elevated cardiac pressure seemed to be a trigger for
sympathetic activation. The results were consistent with the
previous authors’ reports: significantly decreased cardiac
output stimulates baroreceptor and activates sympathetic
tone, which results in venous constriction to increase
venous return, increased cardiac contractility and heart
rate, arterial constriction to elevate vascular resistance, and
activation of renin—angiotensin—aldosterone system or
arginine—vasopressin system [14—16].

Fig. 3 Time course of three A P-BNP B LVDd C LVEF
parameters indicating LV
reverse remodeling stratified by (pg/mL) (mm) (%)
the cut-off level of LFyy during 500 - 90 - 30 1 0
the study period. *p < 0.05 by LFNU £55%
the paired 7 test 25 | (N=6)
400 - L >559 80 -
NU (1} *
(N=13) LF, >55P% 20 |
300 70 - (N=13)
* 15
200 - 60 - . o ] LFyy >55%
N=13
| UFy, $55% (N=13)
LFyy S55%* % (N=6) 5 1
(N=6)
0 40 0
5wk 6Mo 5wk 6Mo 5wk 6Mo
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Table 4 Baseline parameters stratified by the cut-off level of LENU

LFyy <55 % LFyy >55 % p value
(N=06) (N =13)
Demographic parameters
Body height, cm 165 £ 9 167 £ 10 0.534
BMI 194 £29 20.7 £ 3.4 0.287
Heart rate, bpm 73 £ 13 77 £ 15 0.094
sBP, mmHg 95 +£7 93+6 0.534
Medications
B-blocker, mg 15+6 17+7 0.708
ACEIL mg 1.0+ 14 1.0£13 0.660
Aldosterone antagonist, mg 32 £+ 15 34 £ 17 0.834
Laboratory parameters
Hemoglobin, g/dL 105 £ 1.5 110+ 13 0.484
Platelets, x 10°/uL 28 £ 8 28 £ 7 0.935
Serum sodium, mEq/L 140 + 3 140 + 2 0.817
Serum potassium, mEq/L 42 +£03 4.1 +0.5 0.906
Serum BUN, mg/dL 10+ 3 11+3 0.272
Serum creatinine, mg/dL 0.7 £0.1 0.8 £0.4 0.518
Serum total bilirubin, 1.0+ 0.5 0.8 +£0.2 0.324
mg/dL
Plasma BNP, pg/mL 234 £ 74 294 + 185  0.087
Hemodynamic parameters
CI, L/min/m> 2.7 +£0.7 2.6 04 0.738
mRAP, mmHg 8+3 7+3 0.384
mPAP, mmHg 175 16 £5 0.814
PCWP, mmHg 8+3 9+£5 0.569
Echocardiographic parameters
LVDd, mm 60 £+ 10 62 + 11 0.729
LVEF, % 18+9 12+7 0.068

BMI body mass index, sBP systolic blood pressure, ACEI angiotensin
converting enzyme inhibitor, BUN blood urea nitrogen, BNP B-type
natriuretic peptide, LVDd left ventricular diastolic diameter, LVEF
left ventricular ejection fraction

Sympathetic activation and adverse clinical course
during LVAD support

This mechanism has emerged in the course of human
evolution to maintain hemodynamic homeostasis, but is
often affected adversely by inappropriately activated
sympathetic tone in patients with HF especially during
chronic phase [2]. In patients with chronic HF, inappro-
priate sympathetic activation induces transduction abnor-
malities of the P-adrenergic signal that results in reduced
maximal functional capacity and myocardial protection
from adrenergic stimulation [17], permits LV remodeling
and accelerated myocardium death [18], encourages fatal
ventricular tachyarrhythmias [19]. These mechanisms
again stimulate sympathetic activity, and then the vicious
cycle emerges in patients with chronic HF. Considering the
above etiology, there is now a well-established evidence,

derived from many large-scale clinical randomized control
studies [3, 4], that long-term [-blocker treatment in
patients with HF substantially improves their LV function,
clinical condition, and prognosis by suppressing the vicious
cycle.

Doses of B-blocker were well titrated in all patients
during LVAD support. Although there was no correlation
between LFyy level and dose of B-blockers, higher LFyy
level (=55 %) at the maintenance rotation speed was
significantly associated with midterm adverse outcome on
the view point of LV reverse remodeling: higher P-BNP
level, less decreases in LVDd, and less increases in
LVEF compared with those of baseline (Fig. 3). Residual
inappropriate sympathetic activity due to accordingly
lower rotation speed might have progressed HF regard-
less of sufficient B-blocker treatment during LVAD
support.

Optimal rotation speed setting considering autonomic
activity

How should we optimize the rotation speed during LVAD
support? Generally, lower rotation speed is recommended
because ventricular tachyarrhythmia or aortic insufficiency
sometimes develops at higher rotation speed [6]. To
achieve optimal rotation speed, routine hemodynamic and
echocardiographic studies are strongly recommended as we
already did in all patients [6, 20]. We decided the main-
tenance rotation speed at the median value between lowest
and highest rotation speed tested during the hemodynamic
study.

However, we demonstrated that patients with LFyy
>55 % at the maintenance rotation speed, i.e., middle
rotation speed, could not achieve improvement of LV
reverse remodeling. Relative activation of sympathetic
tone appeared to be associated with worse clinical course
during LVAD support. Since we adjusted rotation speed at
the middle one in consideration of hemodynamics, the
hemodynamic parameters at the maintenance speed were
comparable between patients with higher LFyy and those
with lower LFyy (Table 4). Higher rotation speed may be
recommended in such patients with higher LFyy to achieve
optimal LV unloading. Therefore, HRV analyses may be
an additional novel tool to optimize rotation speed espe-
cially in the view point of autonomic activation during
LVAD treatment.

Limitations
1. Since the present study was performed at a single
center among a small size sample in a retrospective

manner, statistical power may not be strong. Prospec-
tive study discussing the long-term result under
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optimized rotation speed considering the results of
HRYV analyses would be a future concern.

We analyzed the relationship between rotation speed
and autonomic nerve activity only at rest condition.
Analyses during exercise may approach daily
condition.

We evaluated short-term HRV parameters at each
rotation speed. Whether the observed trend of HRV
parameters remains for longer period would be a future
concern.

We evaluated only patients with sinus rhythm. HRV
analyses cannot be adopted in patients with atrial
fibrillation or pacing rhythm in general.

Conclusion

Autonomic activation can vary at various rotation speeds
during LVAD support. HRV analyses may be an additional
novel tool to optimize rotation speed considering auto-
nomic nerve activity.
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